Abstract--The operation plan of a solid-oxide fuel cell (SOFC) and a proton -exchange membrane fuel cell (PEFC) with time shift utilization of the SOFC exhaust heat is developed. The proposed system in this paper consists of a SOFC-PEFC combined system and a photovoltaic system as the energy supply to a micro grid of 30 residences in Sapporo, Japan. The operation plan of the system has three cases: without solar power, with 50% and with 100% of solar output power. Furthermore, three types of system operation of using the SOFC independent operation, PEFC independent operation and SOFC-PEFC combined system are used to supply the demand side. A comparative study between the types of system operation is presented. The power generation efficiency is investigated for different load patterns: average load pattern, compressed load pattern and extended load pattern. This paper reported that the power generation efficiencies of the proposed system at different load patterns are 27% to 48%.
I. INTRODUCTION
As a fuel cell for residences, SOFC and PEFC are developed [1] [2] [3] [4] . The SOFC requires high operation temperature compared with PEFC. Therefore, the power generation efficiency of SOFC is high and the uses for exhaust heat are wide. In order to utilize the hot exhaust heat of SOFC effectively, the SOFC and gas turbine (GT) compound system was developed [2] [3] [4] . The load following operation of a micro grid using the SOFC-GT combined system cannot maintain high thermal efficiency. Moreover, it is difficult to maintain the power generation efficiency of the whole system.
In this paper, the exhaust heat of SOFC is used for the steam reforming of bio-ethanol fuel. The reformed gas is stored in a cylinder; this reformed gas is supplied to the PEFC for the operation of the PEFC in the following day. In addition, the SOFC-PEFC and PV combined system are proposed to supply power and heat to 30 residences in Sapporo, Japan. The SOFC of the proposal system is made to correspond to a base load, and the PEFC is made to correspond to the fluctuating load.
In this study, the photovoltaic output power at 0%, 50% and 100% of solar output power are used. Moreover, three types of system operation of using the SOFC independent operation, PEFC independent operation and SOFC-PEFC combined system are performed. A comparative study between the types of system operation is illustrated. The power generation efficiency is characterized for different load patterns: average load pattern, compressed load pattern and extended load pattern. Heat from a boiler is used to supply the demand side when there is insufficient storage heat. Furthermore, the power generation efficiency and the fuel consumption of the system are investigated.
II. SYSTEM CONFIGURATION

A. System scheme
The combined system of a SOFC-PEFC and PV combined system is shown in Fig. 1 . A schematic figure of the proposed system is shown in Fig. 1(a) . It consists of the SOFC-PEFC combined system, PV system, power conditioning system, heat supply system and system controller. Each system is described in Figs. 1(b) to (e). Each equipment of the proposal system is operated by the system controller [5] . The electric power and heat of the proposal system are used to supply the demand side of a grid of 30 residences in Sapporo in Japan. The electricity production for every sample time for each day is predicted by using NWI (the numerical weather information) [6] obtained by the system controller, as shown in Fig. 1(a) . A boiler is used to supply The SOFC-PEFC combined system is examined by using the different electrical load patterns of the micro-grid.
B. SOFC and PEFC combined system
As shown in Fig. 1(b) , the LNG, bio-ethanol gas and the air are supplied to the SOFC cathode using the heat exchanger (HEX). The exhaust heat of the SOFC is supplied to the steam reformer (R/M) with a shift unit (S/ U) produces a reformed gas with a high hydrogen density. A condenser unit (C/U) is used to remove the moisture in the reformed gas. Moreover, a CO is present in the reformed gas so the oxidation device (C/O) is used. Then the compressor (C/P) is used to store the reforming in the cylinder. PEFC is supplied to the DC-DC and the DC-AC converter and inverter, then to the power grid [6] [7] [8] [9] . On the other hand, in case of heat grid, after heating the LNG, bio-ethanol gas and the air which are supplied to the SOFC cathode, the remaining exhaust heat is supplied to the steam reformer (R/M). The exhaust heat of the reforming unit, condenser unit (C/U) and PEFC is stored in the heat storage tank. A boiler is used when the heat demand is higher than the heat storage.
C. Photovoltaic system
The block diagram of the PV system is shown in Fig.  1(e) . As shown in the figure, the proposed PV system consists of a solar cell, DC-DC converter and DC-AC converter. The following equation is used to calculate the output power PS from the solar [6] [7] [8] [9] :
where PS is the output power from the solar cell, Tc is the temperature of the solar cell, Ss is the area of the solar cell 
where λ is the reflection factor, θ is the incident angle to the acceptance surface of the sunlight, α is the latitude of the setting point, δ is the solar celestial declination, ϕ is the hour angle, and β is the angle of the gradient of the acceptance surface.
D. The operation of the SOFC-PEFC combined system
The operation plan of the SOFC depends to the base load and the PEFC is in accordance to the load fluctuation as shown in Fig. 2 . The base load is set as a larger value than the minimum value of the load fluctuation, so the SOFC is operated with maximum generation efficiency. The amount of exhaust heat from the SOFC-PEFC combined system depends on the operation plan of the SOFC, as shown in Fig. 2(b) . In addition, the quantity of reformed gas produced changes with the setting of the load of the SOFC, as shown in Fig.  2(c) . In Fig. 2(d) , the stored reformed gas is supplied to the PEFC, and it is used in the next day. Equations from (6) to (12) show the steam reformation of bio-ethanol gas and the hydrogen production process. Here, (l) and (g) show the state of the liquid and gas, respectively.
E. Partial load characteristics
The power generation efficiency of the SOFC with internal reforming at different load factors is shown in Fig. 3(a) . In addition, the efficiency of PEFC with steam reformer at different load factor is shown in Fig. 3(b) . When comparing Figs 3(a) and 3(b), the power generation efficiency of the SOFC at a load factor of 25% or more is high compared with the PEFC. Though, at a load factor less than 25%, the power generation efficiency of the SOFC is decreased, a SOFC load factor of 25% or less is usually not advisable The stored reformed gas is used for the next day The following equation is used to calculate the reformer efficiency R η in Fig. 3 (b) as follows [8, 9] 
Day
) is shown in Fig. 4 . In this figure, the predicted output power from the solar cell, the power demand and the operation plan of the SOFC and PEFC are shown in Fig. 4(a) . Figure  4(b) shows the amount of production of reformed gas each Maximum load day. After storing this reformed gas, it is supplied to the PEFC to use it in the following day. Figure 4 (c) shows the operation of the PEFC using the reformed gas produced on the previous day.
III. LOAD PATTERNS
The power and heat demand model in 30 houses in Sapporo is shown in Fig. 5 . The electricity demand includes appliances and electric lighting. The thermal demand comes from heating, hot water supply and baths. Three load patterns, the average load pattern, the extended load pattern and the compressed load pattern are used. These patterns compress and extend fluctuations of the average load of power demand on a representative day to 50% and 150%, respectively as shown in Fig. 6 .
IV. ANALYSIS METHOD
The following steps are the analysis procedure of the SOFC-PEFC combined system: (1) The predictive values of the power load pattern and the production of electricity of the photovoltaic power (Fig. 4 (a) ) are obtained for every sampling time by using Eqs. (1) to (5). (2) The boundary value (capacity of the SOFC) between the base load and the load following is decided using the power demand pattern obtained by (1) (Fig. 2 (a) ). The extended power load pattern of representative day in February is used in this work. 3) The amount of power demand and the production of electricity from photovoltaic power generation are compared for each sampling time. When the amount of photovoltaic power is higher than power demand, the surplus power charges the battery. Furthermore, the storage power is discharged during the load peak in the evening. (4) The SOFC operates as shown in Figs. 2 (a) to (c) . In addition, the operation of the PEFC depends on the fluctuating power load.
(5) The amount of exhaust heat of the SOFC is obtained from Fig. 3 (a) for every sampling time. The amount of reformed gas outputted from the C/O in Fig. 1 (b) is obtained from the amount of SOFC exhaust heat using Eqs. (6) to (12). (6) This exhaust heat is stored in a heat storage tank. Heat storage losses are 0.5%/hour supposing a real system.
When the amount of heat storage is less than the heat demand, a boiler is used with efficiency of 90%. The fuel consumption (which is expressed with the heating value) of the SOFC is calculated in the case of the operation of the proposal system according to (1) to (6), R/M and a boiler. The rate of the power supply of the SOFC and PEFC to the heating value of the fuel supplied to the SOFC and R/M is defined as the power generation efficiency.
V. RESULTS AND DISCUSSION
The maximum electrical load of the micro-grid appears in February as shown in Fig. 5(a) . The capacity of the SOFC or PEFC is decided according to the extended load pattern in a representative day in February. Therefore, the capacity (30 kW) is decided for the operation analysis with the independent operation of the SOFC and PEFC. Furthermore, in the SOFC-PEFC combined system, the total capacity of the SOFC and PEFC is 30 kW. In addition, the capacities of the SOFC and PEFC are 25.5 kW and 4.5 kW respectively. Figure 7 shows the load factor of the SOFC and PEFC at different load patterns. As shown in this figure, the load factor of each fuel cell in daytime falls by this photovoltaic power generation. The power generation efficiency of the SOFC at the operation plan of only SOFC to supply the demand side is shown in Fig. 8 . In addition, the operation plan of only the PEFC to supply the demand side is shown in Fig. 9 . As shown in these figures, the power generation efficiency of the SOFC independent operation is large compared with the PEFC independent operation. When the amount of photovoltaic power generated increases, the load factor of the fuel cell falls. As a result, the power generation efficiency of the fuel cell falls. The operation plan of the SOFC-PEFC combined system is shown in Fig. 10 . This figure shows the analysis results of the power generation efficiency of the proposed system. When photovoltaic power generation is not used as shown in Fig. 10(a) , the change in the power generation efficiency is small. Therefore, the load factor of the system falls when the amount of photovoltaic power generated increases. Figure 11 shows the analysis results of the boiler operation. In this figure, the difference in the boiler operation between each system is small because the heat load (Fig. 5 (b) ) used in this analysis is large compared with the system exhaust heat (reformer (R/M), the condenser unit (C/U) and the PEFC in Fig. 1(b) ), Figure 12 shows the fuel consumption in each system of a representative day in three months February, May and August. Figure 12 (a) shows the results without including the boiler fuel. On the other hand, Fig. 12 (b) shows the results including the boiler fuel. In Fig. 12 (a) , the fuel consumption of the SOFC-PEFC combined system is reduced 10 to 35% compared with the SOFC or PEFC independent system. The fuel consumption in May and August is decreased greatly at the addition of a boiler fuel. The daily mean power generation efficiency of the SOFC-PEFC combined system is shown in Fig. 13 . The power generation efficiency of the proposed system is 27% to 48% at different load patterns. Although, the power generation efficiency changes according to the season and load pattern, the photovoltaic power effects on the system efficiency.
VI. CONCLUSIONS
The installation of a SOFC-PEFC combined system into a micro-grid for suppling energy to 30 houses in Sapporo, Japan is proposed. Three cases are proposed for the operation plan of the SOFC-PEFC combined system: without a PV system, with 50% and 100% solar power. This study reported that, the change in the power generation efficiency is small in case of without solar output power. In addition, the load factor of the proposal system falls when the amount of photovoltaic power increases. Furthermore, the fuel consumption of the SOFC-PEFC combined system is reduced 10 to 35% compared with the SOFC or the PEFC independent systems. If the boiler fuel is added to the fuel consumption of the fuel cell, the fuel consumption in May and August will decrease greatly. In addition, There are few reduction effects on the fuel consumption of the proposed system because the heat load of the winter season in the cold and snowy area is very large compared with the power load. Moreover, small difference between the SOFC independent system and the PEFC independent system due to the heat load is very large in comparasion with the power load. The power generation efficiency considering three load patterns (average load pattern, compressed load pattern and extended load pattern) of the proposed system is 27% to 48%. 
